Introduction {#Sec1}
============

Mammalian olfaction is highly conserved (Ache and Young [@CR2]). Indeed, the human olfactory system is not very different from that of goats and guinipigs. That said, the place of olfaction in human behavior is different, and seemingly largely diminished in comparison to most mammals (Stevenson [@CR193]). In this review we will propose two mechanistic reasons for this state of affairs. Beforehand, however, we will briefly outline human olfactory neuroanatomy, and human olfactory capabilities.

Human olfactory neuroanatomy {#Sec2}
============================

Like all mammalian olfactory systems, the human olfactory system follows a stereotyped anatomy consisting of three primary processing stages: The olfactory epithelium, the olfactory bulb, and olfactory cortex (Price [@CR154]) (Fig. [1](#Fig1){ref-type="fig"}). The system is of course bilateral, containing two of each of these structures. Whereas until recently it was thought that the system is characterized by ipsilateral connectivity only, e.g., connectivity from left epithelium to left bulb to left cortex, recent functional evidence suggests that connectivity to cortex may follow contralateral pathways as well (McBride and Slotnick [@CR129]; Wilson [@CR215]; Savic and Gulyas [@CR168]; Uva and de Curtis [@CR202]; Porter et al. [@CR149]; Cross et al. [@CR33]).Fig. 1Schematic of the human olfactory system. Odorants are transduced at the olfactory epithelium (*1*). Different receptor types (three illustrated, 1,000 in mammals) converge via the olfactory nerve onto common glomeruli at the olfactory bulb (*2*). From here information is conveyed via the lateral olfactory tract to primary olfactory cortex (*3*). From here, information is further relayed throughout the brain, most notably to orbitofrontal cortex (*5*) via a direct and indirect route through the thalamus (*4*)

Before an odorant is processed in this system, however, it must first be acquired. This acquisition is through sniffing, an active and critical sampling of the olfactory environment (Kepecs et al. [@CR90]; Mainland and Sobel [@CR124]; Schoenfeld and Cleland [@CR174]). Notably, odorants can also be acquired through the mouth, a path referred to as retronasal olfaction (Heilmann and Hummel [@CR73]; Small et al. [@CR179]; Hummel et al. [@CR80]). Sniffing not only carries the stimulus, but also drives patterns of neural activity throughout the olfactory system (Sobel et al. [@CR182], [@CR183]; Scott [@CR175]; Verhagen et al. [@CR205]). This sniff-driven activity may partly reflect an often-overlooked property of olfactory receptors, namely their possible dual-function as mechanoreceptors that sense air flow (Adrian [@CR4]; Grosmaitre et al. [@CR62]).

Once an odorant molecule is sniffed, it acts as a ligand for olfactory receptors that line the olfactory epithelium. These receptors are 7-transmembrane G-protein coupled second-messenger receptors where a cascade of events that starts with odorant binding culminates in the opening of cross-membrane cation channels that depolarize the cell (Spehr and Munger [@CR187]). The mammalian genome contains more than 1,000 such receptor types (Buck and Axel [@CR14]), yet humans functionally express only \~400 of these (Gilad and Lancet [@CR58]). Humans have \~12 million bi-polar receptor neurons in each epithelium (Moran et al. [@CR135]), and these neurons differ from typical neurons in that they constantly regenerate from a basal cell layer throughout the lifespan (Graziadei and Monti Graziadei [@CR61]). Typically, each receptor neuron expresses only one receptor type, although recent evidence from Drosophila has suggested that in some cases a single neuron may express two receptor types (Goldman et al. [@CR59]). Each receptor is typically responsive to a small subset of odorants (Malnic et al. [@CR127]; Hallem and Carlson [@CR71]; Saito et al. [@CR165]), although some receptors may be responsive to only very few odorants (Keller et al. [@CR89]), and other receptors may be responsive to a very wide range of odorants (Grosmaitre et al. [@CR63]). This receptor odorant specificity is considered the basis for olfactory coding (Su et al. [@CR196]).

Whereas receptor types appear largely dispersed throughout the olfactory epithelium, the path from epithelium to bulb via the olfactory nerve entails a unique pattern of convergence that brings together all receptor neurons that express a particular receptor type. These synapse onto one of two common points at the olfactory bulb termed glomeruli. Thus, the number of glomeruli is expected to be about double the number of receptor types, and the receptive range of a glomerulus is expected to reflect the receptive range of a given receptor type. Whereas these rules have been learned mostly from studies in rodents, the human olfactory system may be organized slightly differently, as rather than the expected \~750 glomeruli (about double the number of expressed receptor types), postmortem studies revealed many thousands of glomeruli in the human olfactory bulb (Maresh et al. [@CR128]).

The olfactory bulb is largely considered the seat of olfactory identity coding. The common notion is that an odorant is represented in the spatiotemporal pattern of activated glomeruli (Leon and Johnson [@CR111]; Su et al. [@CR196]). That said, such a spatiotemporal code has yet to be linked to meaningful olfactory information (Mainen [@CR123]). In other words, despite the development of recent methods to characterize odorants (Haddad et al. [@CR68], [@CR69]), there is still no key that would allow looking at a bulbar spatiotemporal activation pattern and determining what odorant generated it.

From the bulb, olfactory information is projected to primary olfactory cortex via the olfactory tract. Primary olfactory cortex inhabits large portions of the ventral temporal lobe, and its primary component is the piriform cortex (Price [@CR154]). Not much is known on how odorants are represented in cortex. However, a recent rodent study has found that cells with similar receptive fields are highly distributed across piriform cortex (Stettler and Axel [@CR192]). In other words, similar odorants are not likely to activate adjacent cells. Moreover, a growing body of research using functional imaging in humans points to the role of the piriform cortex in odor classification and differentiation (Li et al. [@CR112], [@CR114]; Howard et al. [@CR77]). In turn, a role for piriform cortex in the generalization processes that allow the stability of olfactory perception has also been identified. For example, an ensemble of piriform neurons responded similarly to a mixture of 10 odors and to a mixture including 9 of the 10 odors, but responded differently when one of the 10 odors was replaced with a novel odor (Barnes et al. [@CR7]). In other words, piriform cortex responded similarly to an odor and a degraded version of the same odor, but responded differently to what was potentially a novel odor source, despite overall chemical similarity. With all this in mind, it is interesting that in contrast to the well documented phenomena of cortical blindness and deafness, we know of no case of cortical anosmia, that is, a complete loss of smell following a focal cortical lesion although there are known cases of sub-cortical anosmia as in the case of Kallmann Syndrome that affects the olfactory bulb (Madan et al. [@CR122]; Fechner et al. [@CR52]). This alone poses restrictions on the functional role of primary olfactory cortex.

Beyond primary olfactory cortex, olfactory information is distributed widely throughout the brain. Notable in this respect is the orbitofrontal cortex that is largely considered secondary olfactory cortex (Price [@CR154]), as is the issue of thalamic connectivity: Whereas other sensory modalities traverse a thalamic relay en route from periphery to primary cortex, in olfaction information reaches primary cortex directly. This is not to say, however, that there is no olfactory thalamic pathway. A recent lesion study has implicated thalamic involvement in olfactory identification, hedonic processing, and olfactomotor control (Sela et al. [@CR176]), and a recent imaging study has implicated a thalamic role in olfactory attention (Plailly et al. [@CR146]).

Finally, it is noteworthy that the nose contains several additional subsystems beyond the olfactory receptors that are also capable of transducing airborne molecules (Breer et al. [@CR11]). Of these, most notable are the trigeminal nerve endings. Most odorants will induce at least some trigeminal activation, and only very few identified "pure olfactants" will stimulate the olfactory nerve alone (Doty [@CR42]). Macrosmatic mammals also have an accessory olfactory system with its sensory epithelium in the vemoronasal organ (Keverne [@CR92]), as well as additional chemosensing subsystems such as the septal organ (Kaluza et al. [@CR87]; Tian and Ma [@CR197]) and Gruenberg organ (Fleischer et al. [@CR53]). The existence of these structures in humans, however, remains unclear (Meredith [@CR133]; Witt and Hummel [@CR216]).

Humans have a superb sense of smell {#Sec3}
===================================

Given that humans are endowed with a typical mammalian olfactory system, one may question what humans can do with this hardware. As we have recently reviewed elsewhere (Yeshurun and Sobel [@CR222]), humans indeed have an extraordinary, if underappreciated, sense of smell (Shepherd [@CR177]; Zelano and Sobel [@CR224]). For example, humans can detect the scent of fear in human sweat (Chen and Haviland-Jones [@CR25]; Ackerl et al. [@CR3]), and may select mates who's body-odor infers a favorable genetic makeup (Wedekind and Furi [@CR211]). Such behaviors can depend on keen human olfactory detection. For example, the odorant ethyl mercaptan that is often added to propane as a warning agent, can be detected at concentrations ranging between 0.2 ppb (parts per billion) (Whisman et al. [@CR213]) and 0.009 ppb (Nagata [@CR140]). This is equivalent to approximately three drops of odorant within an Olympic-size swimming pool---given two pools, a human could detect by smell which pool contained the three drops of odorant. Extremely low detection thresholds have been reported for the odorants d-limonene and ozone as well (Cain et al. [@CR20]). Finally, the lowest human detection threshold we are aware of is for isoamyl mercaptan reported at 0.77 parts per trillion (Nagata and Takeuchi [@CR141]).

Humans are not only inherently good at odorant detection; they can further improve with practice. Repeated exposure to an odorant leads to decreased detection thresholds for a number of different odorants (Engen and Bosack [@CR49]; Cain and Gent [@CR18]; Dalton et al. [@CR35]). Furthermore, humans who were completely unable to detect the odor of androstenone developed the ability to detect it after repeated exposure (Wysocki et al. [@CR220]). There is an ongoing debate as to the location of plasticity underlying these improvements: Whereas some studies implicate plasticity at the olfactory epithelium (Yee and Wysocki [@CR221]; Wang et al. [@CR209]), other studies suggest a cortical mechanism of plasticity (Mainland et al. [@CR125]). The recent identification of the specific human olfactory receptor that is primarily responsible for the detection of androstenone (Keller et al. [@CR89]) may now enable a more direct investigation of this question.

Humans are not only good at detecting odorants, they are also good at discriminating one odorant from another, either in terms of concentration or molecular identity. Humans can discriminate between two odorants that differ in concentration by as little as 7% (the olfactory "just noticeable difference") (Cain [@CR17]), and even smaller changes in the relative proportion of a component in a mixture can change the perception of the mixture (Le Berre et al. [@CR109]). Humans can also discriminate the smallest alterations in molecular structure, such as between odorants equal in number of carbons but differing in functional group (Laska et al. [@CR108]), or equal in functional group but differing in chain length by one carbon only (Laska and Freyer [@CR106]). Moreover, humans are able to discriminate between various pairs of enantiomers (mirror-image molecules) such as (+) and (−) carvone (Laska et al. [@CR107]).

The most impressive cases of human olfactory discrimination involve odorants that are ecologically meaningful. For example, human participants could use smell to discriminate their own T-shirt from 100 identical T-shirts worn by others for 24 h (Lord and Kasprzak [@CR116]). Human mothers could discriminate between the smell of their baby and other babies (Porter et al. [@CR148]). Five- to eight-year-old children could discriminate between the smell of their three- to four-year-old siblings and other children (Porter and Moore [@CR147]), and 9-year-old children could discriminate between the smell of their close friends (Mallet and Schaal [@CR126]). Furthermore, these discriminatory powers may be innate: Babies can discriminate the smell of their breast-feeding mothers from other mothers by 6 days after birth (Macfarelane [@CR121]; Schaal et al. [@CR172]), and newborn babies cry less when exposed to the odor of amniotic fluid (which was present in the intrauterine environment) than to the odor of their mother's breasts (Varendi et al. [@CR203]). Breast-feeding infants, at approximately 2 weeks of age, discriminated between their mother's axillary odor and odors produced by either nonparturient or unfamiliar lactating women (Cernoch and Porter [@CR22]).

Like odorant detection, odorant discrimination can improve with learning and practice (Rabin [@CR155]). Increased familiarization was associated with a decrease in discrimination errors of initially unfamiliar odors (Jehl et al. [@CR86]). Odor enantiomers that were initially indiscriminable became discriminable after one of the enantiomers was associated with an electric shock (Li et al. [@CR114]). Subjects working in perfume retail outlets were significantly better at odor discrimination compared with subjects not working in such odorous environments (Hummel et al. [@CR79]), and wine tasters were superior to naive controls at odor discrimination (Solomon [@CR185]; Melcher and Schooler [@CR132]; Bende and Nordin [@CR9]; Parr et al. [@CR142]).

Notably, across the above reviewed feats of olfactory detection and discrimination, women usually outperform men (Koelega and Koster [@CR99]; Wysocki and Gilbert [@CR218]; Hulshoff Pol et al. [@CR78]; Choudhury et al. [@CR28]), and performance declines with age starting at about the age of 40 (Cain and Stevens [@CR19]; Murphy et al. [@CR139]; Rawson [@CR158]).

Humans don't trust their nose {#Sec4}
=============================

Despite possessing a first-rate chemical detector, humans appear to both underrate it and mistrust it. Indeed, many of the above detailed feats of olfactory discrimination were achieved despite low confidence (Lundstrom et al. [@CR120]). This mistrust is reflected in both direct and indirect measures. For example, a survey of college students found that olfaction was overwhelmingly classified as the least important human sense (Classen et al. [@CR29]). This common approach is reflected in legislation: the American Medical Association has determined that whereas loss of vision or audition constitutes an 85 and 35% impairment respectively, loss of olfaction constitutes a 3% impairment only (AMA [@CR5]). Furthermore, humans are very poor at assessing their own acuity. For example, there was no correlation between olfactory detection thresholds and self-ratings of olfactory abilities (Philpott et al. [@CR145]). In a replication of this result, self-ratings again didn't correlate with abilities, but did correlate with "odor annoyance" (Knaapila et al. [@CR96]). In other words, people who notice odors and are annoyed by them, therefore think that they have a better sense of smell, yet in fact they don't. They simply pay more attention to smell. This state of affairs can be modified: when subjects were first asked to rate their sense of smell and were then tested, there was again no correlation between self-ratings and performance. However, when subjects were first tested and then subsequently asked to rate their sense of smell, a significant correlation emerged (Landis et al. [@CR105]). In other words, an acute and implicit demonstration (the test) was sufficient to enlighten participants as to their true olfactory prowess.

Humans don't notice smells {#Sec5}
==========================

Taken together, the above studies suggest that humans are *disconnected* from their own abilities in olfaction. This explicit underrating is further reflected indirectly: In a task that was described to participants as an "examination of different sensory conditions on judgments about art", the only sensory condition that was in fact manipulated was odor. Participants were instructed to rate the appeal of neutral pictures presented in a room scented with either vanilla or lavender. Participants were later asked whether they noticed which sensory modality was manipulated. Whereas numerous participants reported a perceived (although non-existent) manipulation in luminance, only 3 of 93 reported a manipulation of smell (Lorig [@CR117]).

Furthermore, when humans obtain conflicting information from their nose and eyes, they trust their eyes, even in decidedly olfactory tasks. For example, adding color to an odorless solution increased the probability of assigning an odor to the solution (Engen [@CR48]). Similarly, coloring a cherry-flavored drink in orange rendered it as having an orange or apricot flavor, and also, coloring the same drink in green rendered it as lime or lemon flavor (Dubose et al. [@CR46]). Strikingly (and embarrassingly), even "olfactory experts" are not immune to visual dominance in olfactory decisions: A panel of 54 students of Oenology shifted to assigning red wine descriptors to white wine that was colored with an odorless red (Morrot et al. [@CR138]).

The above studies combine to reveal that humans go largely unaware of their olfactory environment and therefore underestimate their olfactory abilities. This is punctuated by the standards applied to the use of odorants as warning agents. Whereas the detection threshold for ethyl mercaptan is as low as 0.009 ppb (Nagata and Takeuchi [@CR141]), it is introduced as a warning agent to propane at 0.5 ppm, i.e., \~57,000 times its detection threshold. Herein lies the paradox. Humans have a superb sense of smell, they can detect ethyl mercaptan at exceedingly low concentrations, yet it takes 57,000 times threshold in order to spontaneously shift attention to olfaction. Why?

No space for human olfactory attention {#Sec6}
======================================

Humans, like all mammals, function in an environment packed with countless stimuli. Mechanisms of selective attention have evolved to cope with this mass of information (James [@CR85]; Broadbend [@CR13]). These mechanisms allow focusing of processing resources on environmental features that were selected, either according to the salience of the objects or by volitional intention. The primary distal sense in humans is vision. In that vision is inherently spatial (DeValois and DeValois [@CR41]), selective attention has evolved to allow allocation of attention in space. A so-called "attentional spotlight" can be directed with extreme spatial precision to allow heightened processing for events at selected locations (Posner et al. [@CR152]). Moreover, this spotlight can be overtly directed in external space, or covertly directed in an internal analogue-space. Whereas the former is clearly evident in behaviors such as shifting of gaze, the latter was revealed in experiments where a spatial cue improved performance in the cued location despite no shifting of the actual gaze (Posner and Petersen [@CR151]). Such spatial attention is similarly evident in audition (Salmi et al. [@CR166]). Humans have superb spatial abilities in audition (Bregman [@CR12]), and auditory acuity can be heightened for a particular location in space by shifting attention towards that location (Hafter [@CR70]; Robin and Rizzo [@CR161]; Spence and Driver [@CR189]; Driver and Spence [@CR45]). Similar to vision, such shifting can take place in external space by directing the ears towards the area of interest, or in an internal analogue auditory space, where similar to vision a spatial cue improves auditory performance in the cued location despite no redirection of the ears (Fritz et al. [@CR55]). Notably, mechanisms of selective attention are activated in proximal senses as well (e.g., tactile perception (Driver and Grossenbacher [@CR44]; Spence [@CR188]; Driver and Spence [@CR45]), and gustation (Veldhuizen et al. [@CR204]; Grabenhorst and Rolls [@CR60])), yet here we will restrict our review to distal sensing alone.

In contrast to the superb human spatial abilities in vision, and audition, humans have only rudimentary spatial abilities in olfaction. A critical distinction in spatial abilities is between egocentric and allocentric space. As these terms can be used differently by different researchers (Klatzky [@CR95]), we will clearly state our use of these terms here: By allocentric abilities, we are referring to a spatial representation obtained through movement, whether of the nose alone or the entire body, within the olfactory environment. As anybody who has located a spoiled food source in the refrigerator knows, humans do have allocentric olfactory spatial abilities. Furthermore, these can be refined with practice. For example, we have found that humans can learn to track a scent-trail in a field (Fig. [2](#Fig2){ref-type="fig"}a), and they significantly improve their performance at this task with each of only four practice sessions (Porter et al. [@CR150]) (Fig. [2](#Fig2){ref-type="fig"}b).Fig. 2No space for human olfactory attention. **a** Results from Porter et al. [@CR150]. Humans have good allocentric olfactory abilities, and can follow a scent trail. **b** Scent-trail tracking speed increases with each of 4 days of practice. **c** Results from Porter et al. [@CR149]. Humans have poor egocentric olfactory abilities, and are only marginally but significantly above chance at localizing the pure olfactant PEA to either the left or right of the nose. Note significantly better performance for propionic acid that has a significant trigeminal component. D. Brain mechanisms involved in extracting spatial information from smell, including the superior temporal gyrus

In turn, by egocentric olfactory spatial abilities, we are referring to an olfactory representation of coordinate space despite a fixed nose. Whereas macrosmatic mammals most likely have such abilities that rely on cross-nostril comparisons (Rajan et al. [@CR157]), humans may enjoy only rudimentary egocentric olfactory representation. This question was initially studied by Von Bekesy, who had previously conducted pioneering studies on auditory spatial processing (Békésy [@CR8]). Von Bekesy generated olfactory stimuli with precise spatial and temporal control, and determined that human subjects could egocentricly localize an odorant to within 7 to 10 spatial degrees, and that this localization depended on time-of-arrival or concentration differences across nostrils. This astonishing result, however, was never successfully replicated. As previously noted, many odorants can contain a trigeminal component that excites the trigeminal nerve. Several studies suggested that the Von Bekesy result reflected use of trigeminal rather than pure olfactory stimuli, and that when using pure olfactants that do not stimulate the trigeminal nerve humans could not even tell whether the odorants were coming from the left or from the right, let alone localize them to within 7 to 10 degrees (Schneider and Schmidt [@CR173]; Kobal et al. [@CR98]; Radil and Wysocki [@CR156]; Frasnelli et al. [@CR54]). In our studies of this question we found that humans could in fact distinguish left from right even when using pure olfactory stimuli, but performance was only slightly yet significantly above chance (Porter et al. [@CR149]) (Fig. [2](#Fig2){ref-type="fig"}c). Furthermore, we found a nostril-specific representation in piriform cortex similar to that found in rats (Wilson [@CR215]), which may combine with additional brain mechanisms (Fig. [2](#Fig2){ref-type="fig"}d) to provide a neural substrate for such localization.

The above studies combine to suggest that human egocentric olfactory representation is minimal at best. Given that humans have no external allocentric olfactory coordinate space, they obviously don't have an internal analogue olfactory coordinate space. Thus, humans do not have a spatial arena in which to direct olfactory selective attention, and this renders olfactory attention profoundly different from visual and auditory attention.

Attention, however, is not directed in coordinate space alone. In both vision and audition, attention can also be directed in stimulus space. Such attentional selectivity allows extraction of salient signals from the complex and noisy background. For example, in audition, the cocktail party effect (Cherry [@CR27]) refers to the remarkable human ability to detect and selectively attend to a specific source of auditory input in a noisy environment. The guidance of attention can be exogenous (unintentional directing of attention to a salient event), as when hearing your name in a loud party automatically directs attention to the source, or endogenous (intentionally guidance of attention to a particular event or spatial location), as when deciding to try and "listen in" for a particular voice at the same party. Similar exogenous and endogenous mechanisms allow the focusing of attention within visual (Treisman and Gelade [@CR198]) stimulus space as well.

Such stimulus-space based attention, however, is again minimal in olfaction. For example, when trying to identify a component in a mixture, subjects performed equally well whether they simply tried to identify all the components in the mixture, or were first exposed to the target component and tried to determine whether it alone was present or absent in the mixture (Laing and Glemarec [@CR104]). In other words, this and similar results (Laing and Francis [@CR103]; Livermore and Laing [@CR115]) suggest that unlike in vision and audition, an effort to direct attention towards a specific aspect of stimulus space did not improve performance in olfaction. To relate this poor ability in stimulus-space to the near rudimentary ability in coordinate-space, it is noteworthy that when attending within visual and auditory stimulus-space, the object of attention nevertheless does have spatial coordinates, even if those are not the object of the attentional focus. It may be that such coordinate location is critical for attentional mechanisms, even when tuned to stimulus attributes (Deouell et al. [@CR40]). As noted, in human olfaction coordinate space is rudimentary, and whereas this will clearly limit olfactory coordinate-space attention, it may also limit olfactory stimulus-space attention.

All this, however, is not to say that there is no olfactory attention at all. Whereas there is scant evidence for attention in olfaction, there are several demonstrations of attention to olfaction. For example, when making intensity discriminations in both vision and olfaction, olfactory discriminations were faster when an explicit cue first directed the subject's attention to olfaction (Spence et al. [@CR190]). Such directing of attention to olfaction is reflected in both global and focal measures of brain activity. Globally, recording of olfactory event-related potentials (OERPs) suggested that attending to odors reduced latency for an early OERP component (Krauel et al. [@CR100]), and increased amplitude for a later OERP component (Pause et al. [@CR144]; Krauel et al. [@CR100]; Geisler and Murphy [@CR57]). Locally, brain-imaging studies found that activity in several brain structures reflected directing of attention to olfaction. These include the earliest levels of cortical processing, such as piriform cortex and olfactory tubercle, where sniff-induced activity was altered by the expectation of odor alone (Zelano et al. [@CR225]). Furthermore, activity in downstream structures was further modulated as a function of expected odor content (de Araujo et al. [@CR36]). Attention to olfaction also augmented the functional interaction between the posterior piriform cortex and the orbitofrontal cortex through the mediodorsal nucleus of the thalamus (Plailly et al. [@CR146]).

To conclude this section, one reason for minimal human awareness of olfaction may be the nature of selective attention in olfaction. Human olfaction is characterized by minimal spatial abilities. Given no external olfactory coordinate space, there is therefore no internal analogue olfactory coordinate space, hence no arena for olfactory spatial selective attention. Although this reduced attention in olfaction does not prevent mechanisms of attention to olfaction, it nevertheless likely influences the place of olfaction in human awareness.

No time for human olfactory attention {#Sec7}
=====================================

The distal senses of vision, audition, and olfaction differ not only in their ability to produce an internal representation of external space, but also in their temporal envelope. Audition consists of an essentially continuous sampling of the sensory content. Vision similarly entails nearly continuous sampling broken only by occasional blinks, a short lived loss of input on the order of 250 ms (Caffier et al. [@CR16]). Rapid eye movements termed saccades and microsaccades may also entail brief loss of input, although this remains unclear (Burr et al. [@CR15]). In contrast to this largely continuous input in vision and audition, the olfactory system acquires sensory information in temporally discrete quanta, namely sniffs. Olfactory information is made available to the brain during brief bursts followed by often prolonged periods of no input. These bursts are often rhythmic in macrosmatic mammals occurring at between 4 and 11 Hz (Welker [@CR212]; Youngentob et al. [@CR223]), yet are discreet in humans, who tend to use one or very few successive sniffs to explore olfactory content (Laing [@CR102]) (Fig. [3](#Fig3){ref-type="fig"}). There has been extensive research on how this unique quantized temporal envelope is reflected in the neural representation of olfaction (Sobel et al. [@CR182]; Kepecs et al. [@CR90]; Mainland and Sobel [@CR124]; Scott [@CR175]; Verhagen et al. [@CR205]). Here, we suggest that it is also this temporal dynamic that shaped the special place of olfaction in human awareness (awareness in this case refers to the ability of a person to consciously distinguish or detect an olfactory stimulus from the surrounding background). The basis for our claim rests on the phenomena of change blindness. Using vision, humans can detect even the slightest change in the visual scene, and this change detection can function as an orienting cue for attention. Furthermore, changes in a scene are often accompanied by transients such as motion. The motion signal attracts attention to the changed location, and in this way facilitates visual processing (Remington et al. [@CR159]). For example, if one complex landscape image is instantaneously replaced by a second nearly identical landscape image with only one minor change, that change will mostly be detected with ease. Furthermore, visual attention will focus on the change location (Abrams and Christ [@CR1]). However, if a temporal break is introduced between one image and the next, even significant changes in image content may go unnoticed. This phenomenon, termed change blindness (Rensink et al. [@CR160]), can be experienced by the interested reader at several on-line demonstrations (e.g., <http://www.psych.ubc.ca/~rensink/flicker/download/>). Notably, a similar phenomenon occurs in audition (Vitevitch [@CR206]; Eramudugolla et al. [@CR51]; Wayand et al. [@CR210]; Demany et al. [@CR37]) and touch (Gallace et al. [@CR56]; Auvray et al. [@CR6]) as well. In other words, change blindness (or deafness) suggests that temporal continuity of input is key to awareness. As noted, human olfaction lacks temporal continuity, and therefore we argue that this has dictated a unique, and indeed extremely limited, place for olfaction in human awareness. As this claim is a major point in this review, we will reiterate by example: Look at Fig. [4](#Fig4){ref-type="fig"}, then look at a blank page, and then turn the page to look at Fig. [5](#Fig5){ref-type="fig"}. Do this such that the transition from Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"} takes a few seconds. Can you detect the change between figures? Such is human olfaction. A slow transition from one image (sniff) to the next, with a blank page inserted in between. Although change blindness may differ from the case of olfaction in that it requires an intentional search of the change in the scene, other features of change blindness, namely the inability to detect change in quantal as opposed to continuous information, provides a powerful analogy to the constant state of olfaction.Fig. 3No time for human olfactory attention. **a**, **b**. Results from Youngentob et al. [@CR223]. Two typical sniff-traces from rats. Note the time-scale bar is at 0.1 s. In other words, sniffing is portrayed at \~9 Hz within the sniffing bout. **c** A typical sniff-trace from a human subject in our lab. The subject generated 2 sniffs in 4 s, i.e. 0.5 Hz. The long delay between each sniff in the sniffing bout is sufficient in our view for change-anosmiaFig. 4Sniff 1. Carefully examine this picture, then look at a blank page, and then turn the page to look at Fig. [5](#Fig5){ref-type="fig"}Fig. 5Sniff 2 Do you see the change from sniff 1? Probably not. Such is human olfaction: discreet samples of sensory content separated by prolonged periods of no input. Now repeat rapidly without the inter-sniff-interval

We suggest that these breaks in olfactory sampling result in *change anosmia*, a likely inability to spontaneously detect less than drastic changes in the olfactory natural space. Impaired olfactory change detection may, in turn, result in poor attention to olfaction. Indeed, the attentional mechanisms revealed in change-blindness are arguably the main path for non-volitional attention allocation to salient stimuli in the environment (Corbetta and Shulman [@CR30]). We suggest here that due to a form of olfactory change-blindness, olfactory stimuli are less prone to attract attention, and therefore humans have poor awareness to the olfactory environment.

To this point we have delineated two aspects of human olfaction that may limit human awareness to smell. We argued that poor spatial abilities combined with discontinuous input over time together rendered a limited place for olfaction in human awareness. However, two studies that measured brain-responses in relation to olfactory attention suggest a more complicated situation. A classic attentional task is the odd-ball paradigm, where a repeating *standard* stimulus is periodically replaced with an infrequent *deviant*. This paradigm was adapted to olfaction using frequent and infrequent odorants in fMRI (Sabri et al. [@CR164]) and OERP (Krauel et al. [@CR101]) studies. In the fMRI study the paradigm was repeated under two conditions, an *attend* condition where attention was explicitly directed to olfaction, and an *unattend* condition where attention was directed to audition. The OERP study used an unattend condition only. Both studies found brain-responses to odorants in the unattend condition, i.e., when attention was focused on audition. In fact, the fMRI study revealed a more extensive odorant-change-induced response in the unattend compared to the attend condition (Sabri et al. [@CR164]). In other words, even and perhaps especially when humans are unaware of odors, their brain clearly registers odorant change. This was further evidenced in electrophysiology and brain imaging studies that although not in the context of an attentional task, revealed that undetected odorants nevertheless induce neural activity at the olfactory epithelium (Hummel et al. [@CR81]) and cortex (Sobel et al. [@CR184]; Jacob et al. [@CR84]).

Taken together, this suggests that in spite of the awareness-limiting settings we have proposed in relation to the spatial and temporal envelopes of olfaction, the human brain may nevertheless register the finest alterations in olfactory content, and these may significantly influence behavior. Indeed, in the previously described study where subjects were asked which sensory modality they thought was manipulated (Lorig [@CR117]), anecdotally, one subject who was in the "vanilla" condition thought that luminance was manipulated, yet then stressed that she wants to go home to bake some cookies... Could it be that odorants that humans are unaware of continuously shape their behavior?

The influence of subliminal odors {#Sec8}
=================================

The topic of subliminal odors immediately conjures up the topic of pheromones. Pheromones are odorants that are released by one member of a species to influence or signal other members of the same species (Karlson and Luscher [@CR88]), yet nowhere in their classic definition does the issue of awareness arise. Indeed, pheromones were mostly studied in the context of non-human animals where awareness per se cannot be defined. Whether humans have pheromones is a topic of heated debate (Wysocki and Preti [@CR219]), as is whether the term pheromone is at all helpful when considering odor-guided behavior (Doty [@CR43]; Stowers and Marton [@CR195]). For the purpose of this review, however, we choose to circumvent this often semantic debate altogether. We will detail cases where subliminal odorants influenced perception and behavior, and the existence of such influence is our interest regardless of whether one chooses to call the odorant a pheromone or *ordinary* odorant. That said, in cases where the odorant was derived from human bodily secretions, or is present in such secretions, in our mind suggests that these odorants may function as human chemosignals.

When considering evidence for the influence of odors without awareness one must make a distinction between two types of studies: In what we will call here Type A studies, participants were made aware of the focus on olfaction, or even of a particular odorant, yet not the odorant of interest that was typically masked within a perfume. There is an extremely large body of such studies. By contrast, in what we will call Type B studies, even the mere presence of odors was not explicitly revealed to participants. Type B studies, although limited in number, are particularly relevant to the attentional mechanisms (or lack thereof) we have proposed. Here we will focus on this latter type of study, with only reference to Type A studies.

Subliminal odorants influence physiological state {#Sec9}
-------------------------------------------------

Women who live in close proximity and continuous interaction, such as roommates in female dormitories, tend to synchronize the timing of their menstrual cycle (McClintock [@CR130]) (but see Wilson [@CR214]). In that this occurs with no awareness of an olfactory signal, this dramatic effect clearly fits our criteria for Type B studies. However, one may question whether this effect was at all chemosignal dependent. Perhaps there was some non-chemical social signal at play? This was answered in a series of studies where experimenters obtained underarm sweat extracts from *donor* women during either the ovulatory or follicular menstrual phase. These extracts were then deposited on the upper lips of *recipient* women, where follicular sweat accelerated ovulation and ovulatory sweat delayed it (Russell et al. [@CR163]; Stern and McClintock [@CR191]). Whereas these latter studies were Type A, they verify that the initial Type B menstrual synchrony studies, where odorants were truly subliminal, were indeed olfactory. Menstrual synchrony remains the most clear-cut instance of subliminal odors influencing human physiology. Combined with numerous Type A studies where either sweat or individual components of sweat altered hormonal state (Preti et al. [@CR153]; Wyart et al. [@CR217]), brain activity (Savic et al. [@CR169], [@CR170]; Savic [@CR167]; Gulyas et al. [@CR66]), and mood (Chen and Haviland-Jones [@CR25]; Jacob et al. [@CR83]; Bensafi et al. [@CR10]; Lundstrom and Olsson [@CR118]), together suggest that human sweat contains compounds that function as human chemosignals.

Subliminal odorants influence social judgments {#Sec10}
----------------------------------------------

The earliest Type B study we know of assessed the effects of two odorants, androstenol (5a-16-androsten-3a-oi) and an aliphatic acid mixture, on what was described as the "assessment-of-people test", a battery of judgments made by participants on a fixed group of individuals posing as job candidates (Cowley et al. [@CR32]). To hide the use of odors, the authors deceived their participants and told them to wear surgical face-masks in order to hide their own facial expressions from other participants, when in fact these face-masks were impregnated with the odorants. The results indicated significant opposing influences of the two odorants on judgments. These effects were restricted primarily to female participants, while making positive judgments, that were enhanced by androstenol and reduced by the aliphatic acid mixture.

In a more recent study that was closer to Type A than Type B, the appeal of human faces was estimated in the presence of one of three different odorants; the pleasant citral, the neutral anisole, and the unpleasant valeric acid (Li et al. [@CR113]). The odorants were presented at very low concentrations. The subjects tried to smell the odorants (hence Type A), and then conducted the task. The hedonic value of the odorants altered the appeal of the faces, but only for those subjects who were unable to detect the odorants (Fig. [6](#Fig6){ref-type="fig"}a). In other words, consistent with the previously reported increased brain activity associated with the unattend over the attend condition (Sabri et al. [@CR164]), when odorants were not consciously perceived they had a greater effect on perception. The initial results obtained by Cowely et al. combined with numerous Type A studies (Cowley and Brooksbank [@CR31]; Cutler et al. [@CR34]; McCoy and Pitino [@CR131]; Saxton et al. [@CR171]), to suggest that subliminal odors can influence social judgments.Fig. 6The influence of subliminal odors **a** Results from Li et al. [@CR113]. Increased odor awareness (*x* axis) was associated with a reduced influence on judgments (*y* axis). **b** Results from Epple and Herz [@CR50]). Mean performance on a cognitive test by 5-year old children as a function of odor condition. Participants in the "same odor" condition (an odor previously associated with a frustrating task) performed worse than participants in the "different odor" or "no odor" groups (*P* \< 0.05). **c** Results from Holland et al. [@CR76]). Mean reaction times for cleaning related words and control words in odor and control conditions (without an odor) during a lexical decision task. Participants responded faster to cleaning-related words than to control words (*P* \< 0.05), and excluding participants that have been aware of the odor, revealed a significant interaction between odor presence and word type (*P* \< 0.05)

Subliminal odorants influence mood {#Sec11}
----------------------------------

That odorants can influence mood is of course a major tenet of aromatherapy, a rapidly growing industry (Herz [@CR74]). Several lines of evidence suggest that subliminal odors indeed have the capacity to influence mood. For example, dispersing an orange scent in a dentist's waiting room had a host of positive effects on women's but not men's mood (Lehrner et al. [@CR110]). The authors attributed the observed gender difference to the different olfactory sensitivity across genders. In an additional study, experimenters diffused either a pleasant or unpleasant odorant in a room where subjects completed various questionnaires. Each subject participated twice, once with an odorant diffused, and once without (Knasko [@CR97]). The authors found that whereas the pleasant odorant (lavender or lemon) had no influence in this instance, the unpleasant odorant (dimethyl sulfide) negatively impacted mood. Furthermore, subjects who experienced the unpleasant odor in their first session had reduced mood in their second session even when it was odorless. This suggests an implicit odorant-induced conditioning of mood. Indeed, several studies have replicated this effect. For example, undetected levels of the odorant Trimethylundecylenic aldehyde induced anxiety in women who had previously been exposed to similarly undetected levels of the odorant during a stressful task. Critically, this anxiety was not the result of the odorant alone, as participants in the stressful task that was conducted without odor were in fact soothed by the odorant when presented later (Kirk-Smith et al. [@CR94]). This core finding was later replicated independently (Zucco et al. [@CR226]). Finally, a large body of Type A studies examined the mood influences of compounds present in sweat (Chen and Haviland-Jones [@CR24], [@CR25]; Grosser et al. [@CR64]; Jacob et al. [@CR83]; Bensafi et al. [@CR10]; Lundstrom and Olsson [@CR118]). Whereas these studies were typically Type A studies, critically, one study revealed that these effects replicated across detectable and undetectable concentrations of the odorant (Lundstrom et al. [@CR119]).

Subliminal odorants influence cognitive performance {#Sec12}
---------------------------------------------------

A Type B study that revealed cognitive influences of subliminal odors was conducted in children. Five-year-old children were engaged in a frustrating maze-solving task in the presence of undetected odor. Following the maze task, subjects participated in a challenging cognitive task that was held in another room in the presence of either the same odor, a different odor, or no odor. Children who were exposed to the same odor in the maze and cognitive tasks obtained significantly lower scores than children in the no or different odor groups (Epple and Herz [@CR50]) (Fig. [6](#Fig6){ref-type="fig"}b). These studies combined with numerous Type A studies (Chen et al. [@CR26]; Hummer and McClintock [@CR82]) to suggest that subliminal odors can influence cognitive performance. In one such Type A example, smelling androstadienone led women to the feeling of being focused without detecting the presence of the compound (Lundstrom et al. [@CR119]).

Subliminal odorants influence behavior {#Sec13}
--------------------------------------

In an early Type B experiment that studied behavior, researchers sprayed one of three different concentrations of the odorant androstenone on a seat in a dentist's waiting room. They found that the high concentration of androstenone repelled men and attracted women to sit on that particular chair (Kirk-Smith and Booth [@CR93]).

In a more recent study, researchers scented the experimental room with a citrus odor typical of cleaning fluids. They found that participants responded faster to cleaning than to non-cleaning related words in a lexical decision task, reported more near future plans involving cleaning activities, and in fact generated more actual cleaning behavior while eating (Holland et al. [@CR76]) (Fig. [6](#Fig6){ref-type="fig"}c).

The possibility of subliminally influencing behavior with odors has not gone unnoticed by the consumer industry (Spangenberg et al. [@CR186]). For example, men evaluated magazines more positively under exposure to the odorant androstenol (Ebster and Kirk-Smith [@CR47]). Ambient scent spread in a mall increased the amount of money spent by young shoppers (Chebat et al. [@CR23]), positively influenced shoppers' perceptions (Michon et al. [@CR134]) as well as brand appreciation and memory (Morrin and Ratneshwar [@CR137]), and increased both the time and amount of money spent in a restaurant (GuÈguen and Petr [@CR65]). Furthermore, dispersal of one odor, but not another in the surroundings of casino slot machines increased the sums of money spent in those machines (Hirsch [@CR75]). These studies combined with numerous Type A studies (Gustavson et al. [@CR67]; Cowley and Brooksbank [@CR31]; Cutler et al. [@CR34]; McCoy and Pitino [@CR131]; Castiello et al. [@CR21]; Tubaldi et al. [@CR199], [@CR200], [@CR201]) to suggest that subliminal odors can influence behavior.

A time-stamp dissociating subliminal from perceived olfactory stimuli {#Sec14}
=====================================================================

Electrical recordings of odorant dependent neural activity in humans reveal several typical time-points. Brain activity recorded by OERP and OMEG (olfactory magnetoencephalogram) revealed a typical response pattern consisting of a negative component (N1) at 320--500 ms, a positive component (P2) at 450--700, a second negative component (N2) at 600--900 ms, and a second positive component (P3) at 750--1,200 ms after stimulus onset (Pause et al. [@CR143], [@CR144]; Morgan et al. [@CR136]; Walla et al. [@CR208]; Harada et al. [@CR72]; Rombaux et al. [@CR162]; Walla [@CR207]).

It is generally accepted that the first two components, parietal N1 and frontal P2, reflect exogenous modulators such as stimulus concentration, whereas the late parietal positive component P3 represents endogenous modulators such as subjective stimulus significance and stimulus probability (Pause et al. [@CR143]). Explicitly attending to the odorant increased the amplitude of P3 only (main effect across all three electrodes (Fz, Cz and Pz)) (Pause et al. [@CR144]). Furthermore, comparing OEMG responses between subjects that perceived an odor and subjects that did not, revealed that whereas the early 200--500 ms response components were identical across groups, the late 600--900 ms response components were associated with conscious perception (Walla et al. [@CR208]). Together, these findings suggest a two-stage olfactory process containing mechanisms without awareness that enact within \~200 ms post stimulus onset, and mechanisms of awareness within \~600 ms post stimulus onset (Walla [@CR207]).

In that olfactory awareness may have a time-stamp, it is tempting to then link this temporally localized activity to an anatomical substrate. Despite the theoretically high spatial resolution of MEG, Walla et al. ([@CR208]) did not clearly assign the late component to a particular brain region. Previous MEG studies, unrelated to attentional manipulations, have assigned a 300--500 ms component to anterior central parts of the insula (Kettenmann et al. [@CR91]), and a 500--700 ms component to the superior temporal sulcus, but comprehensive anatomical pin-pointing of this source remains unavailable. Various theoretical considerations have implied locating olfactory awareness to primary or secondary olfactory cortex (Smythies [@CR180]; Shepherd [@CR178]), but this question remains unresolved.

Conclusions {#Sec15}
===========

We reviewed evidence suggesting that humans have superb olfactory abilities, yet olfaction has a limited place in human awareness. We attributed this apparent paradox to the facts that odors are poorly localized in space, and are far separated in time, and this combination renders odors a poor substrate for selective attention. Reduced applicability of selective attention may combine with a theorized inhibitory mechanism (Sobel and Brown [@CR181]) and additional factors (Stevenson [@CR194]) to jointly limit the place of odors in awareness. Critically, when human spatial and temporal processing of vision and audition are damaged by lesions such that they are then comparable to the spatial and temporal aspects of intact human olfaction, these lesions are accompanied by a loss of awareness (Deouell et al. [@CR39]; Deouell [@CR38]). This suggests that the mechanisms we have proposed are not unique to olfaction, but rather unique and representative of brain mechanisms for awareness.

Finally, it is noteworthy that the two mechanisms of olfaction considered in this review are very different in macrosmatic mammals. Most mammals likely do have egocentric spatial abilities in olfaction (Rajan et al. [@CR157]), and sniff at a frequency that may prevent change-blindness (Welker [@CR212]). These differences may allow a form of olfactory awareness in macrosmatic mammals that is unavailable to humans. Thus, whereas human olfactory perception is dominated by the perceptual axis of odorant pleasantness to an extent that renders it nearly unidimensional (Yeshurun and Sobel [@CR222]), the mechanisms we have highlighted here may allow macrosmatic olfactory perception that is far richer. All this, however, does not limit the influence of odors on human perception and behavior, both of which may in fact be more susceptible to the influence of subliminal than perceived smells (Fig. [6](#Fig6){ref-type="fig"}a).
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